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Evidence of Regional Structural Controls on Vent Distribution: 
Springerville Volcanic Field, Arizona 
CHARLES B. CONNOR 
Department of Geology, Florida International University, Miami 
CH]H•OP• D. CONDrr 
Department of Geology and Geography, University of Massachusetts, Amherst 
LARRY S. CRUMPLER AND JAYNE C. AUBELE 
Department ofGeological Sciences, Brown University, Providence, Rhode Island 
Quantitative analysis of the geographic distribution of vents and comparison with regional structural, 
petrologle, and vent age data provide insight into the processes governing the emplacement of vents in 
the Springerville volcanic field, Arizona. A total of 409 vents in the Springerville volcanic field (SVF) 
have a mean distance to nearest neighbor vents of 955 m, a much closer spacing than is common in some 
platform-type volcanic fields. Based upon a cluster analysis search radius parameter of 4500 m, these 
vents comprise seven geographic clusters, with only five outlying vents occurring in the entire field. 
Cinder cone clusters in the westem portion of the field are significantly older than clusters in the eastern 
portion of the field (p value of <0.001), and there is a tendency for cluster age to decrease to the east. This 
is particularly evident when mean cluster ages are calculated for tholelite, alkaline olivine basalt, and 
evolved alkaline rock types independently. Application of the two-point azimuth and Hough transform 
methods demonstrates hat regional cinder cone alignments transect these clusters. The most prominent of 
these alignments trend ENE in the eastern portion of the field and WNW in the western portion of the field, 
creating an overall arcuate pattern that is subparallel to the trend of the Mogollon Rim and the Colorado 
Plateau/Transition Zone boundary. These observations suggest that vents (and clusters) migrated from 
west to east in response to plate motion, but the general pattern of vent migration was complicated by 
regional structures, which enhanced the volume and duration of magmatism in some areas. The fractures or 
faults implied by vent alignments indicate that Shmin is oriented radial to the Colorado Plateau in the SVF. 
Preferred vent alignment orientations may be related to extension resulting from plateau uplift, and to a 
much smaller degree from a minor Basin and Range imprint. While regional in extent, the implied 
structures appear to differ significantly from some of those in several other plateau-marginal fields in that 
they cannot be related to major reactivated Precambrian structures. Our vent alignment data differ from 
those seen by other workers in the Zuni-Bandera and Mount Taylor fields, suggesting the stress field for the 
SVF is different from other fields in the proposed Jemez lineament. The stress field implied by vent 
alignment data, combined with structural data, suggests that the southwestern tectonic boundary of the 
Colorado Plateau of Brumbaugh (1987) should be extended southeastward to include the SVF at the plateau's 
southern boundary. 
1. INTRODUCTION 
1.1. Intent 
The apparent correlation between regional structures and 
vent alignments in many cinder cone fields has suggested that 
vents are located at the top of vertical fractures along which 
magma scends [Kear, 1964; Nakamura, 1977; Settle, 1979]. 
Vent alignments and parallel dikes [Delaney et al., 1986] have 
also been used by many workers [e.g., Zoback and Zoback, 
1980, 1989; Zoback, 1989; Aldrich and Laughlin, 1984] as 
regional stress orientation indicators. One of the fundamental 
weaknesses implicit in using these kinds of data is that there 
has been a lack of rigor in defining vent alignments within 
volcanic fields, where vent density often makes alignment 
recognition difficult. In this paper we use several quantitative 
methods to search for vent clusters and alignments in the late 
Tertiary-Quaternary Springerville volcanic field (SVF), located 
on the southern margin of the Colorado Plateau. These 
methods include univariate statistics [Porter, 1972; Settle, 
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1979], cluster analysis [Connor, 1987, 1990], the Hough 
transform [Wadge and Cross, 1988], and the two-point azimuth 
method [Lutz, 1986; Wadge and Cross, 1988; Zhang and Lutz, 
1989]. The results of our vent distribution analysis are 
compared with structural data collected in the field. This 
comparison is used to show the relationship between observed 
patterns in cinder cone distribution and regional crustal 
structure and to comment on the implied stress field 
surrounding the SVF. The analysis serves to clarify the 
relationship between SVF volcanism and the neotectonic 
structures which dominate the geology of the region. In 
addition, these data are examined for clues regarding the 
mechanisms governing the timing and location of cinder cone 
emplacement within the field. 
1.2. Background: Regional Setting 
Cinder cone volcanism has been widespread on the southern 
part of the Colorado Plateau physiographic province during 
the late Tertiary and throughout much of the Quaternary. With 
the exception of the Hopi Buttes, all of this volcanism has 
been concentrated within seven volcanic fields located near the 
margins of the plateau. The Springerville volcanic field is the 
southernmost of these fields (Figure 1); its southernmost flows 
12,349 
12,350 CONNOR ET AL.: CONTROL• ON VENT DISTRIBUTION, SPRINOERVIU.E VOLCANIC FIELD 
! 
I 
• • Zone Grande 
• • I Rift 
Basin a d Range • "----I x, • 
' .i. ':•;•/•  .... • .... • 32 ø
___1 , 
km 
114 ø 109 ø 103 ø 
•ii:'"'"•Western Gra d Canyon ' - Jemez• •iiiii• i ,_, """•iii:•:':"::::'"':'::::.-....-'•l I Colorado Plateau ':,.•, '.:.:..:.':••i•i• '-• ! 
••' i!•San Franciscø' Ho ........ I Mount Taylor _ ::::' ' ' ':'•• '::•:':':• 
r-. .....• " •"" I field t /. I • ........ 'I i•'• •,.'"'""--"""'"'"'"  "' • '•:•:•• • f iel d. ,•:'.'..'"•i• ' / v . - 
• I • •' "• '• .•jljt•Flagstaff I \ - ':•..'?f •. / 
' } _ •iiiiii'.:::•,,::.• u-.-o- I '.'•? • J # Albuquerque 
• \ • • ••::'"•::::• Hackberry ••'•:':'•' ':• •! , ••' c[ ""• ..•.:•, •__ •., , High 
'. •[• • ' ",•':':•::'"":":•:iii:'":':"::• -- I•' \ Plains ', 
"'-' X..._ 
__ )), 
I (white Uøun 
Fig. 1. The Springerville volcanic field is located along the southern margin of the Colorado Plateau, in central east 
Arizona. Physiographic provinces of the area delineated. The Moõollon Rim is a topographic escarpment which defines 
the boundary between the Transition Zone and the Colorado ?lateau, south of the SVF. Shaded areas indicate volcanic fields 
less than 5 m.y. old, outlined areas indicate volcanic fields 5 to 16 m.y. old [from Wolfe et al., 1983]. The Jemcz lineament 
[Aldrich and Laughlin, 1984] is thought to be comprised of volcanic fields and associated structures extending from the 
Jemez volcanic Held to the southwest, through the Mount Taylor, Zuni-Bandcra, nd Springerville fields. 
straddle the Mogollon Rim, which forms the physiographic 
boundary between the Colorado Plateau and the Transition 
Zone. Geophysical models across the Transition Zone 
between the Colorado Plateau and Basin and Range (Figure 1) 
show a significant change in depth to the mantle from 
approximately 40 km in the interior of the plateau, to 22 km 
in the Basin and Range [Brumbaugh, 1987; Warren, 1969]. 
Near the SVF, this change starts near the northern boundary of 
the Transition Zone (the Mogollon Rim) about 25 lcm WSW of 
the SVF, where the seismic refraction study of Warren [1969] 
suggests a depth to the Moho of about 40 kin. South of this 
area the Transition Zone is further characterized by a change 
from flat lying relatively undisturbed Paleozoic rocks to a 
setting dominated by Basin and Range faults and increased 
seismicity [Brumbaugh, 1987; Keller et al., 1979; Thompson 
and Zoback, 1979]. The SVF itself lies within an aseismic 
zone [Brumbaugh, 1987]. Although the physiographic 
boundary of the Colorado Plateau is well defined and abrupt, 
the tectonic boundary of the plateau on its southernmost 
margin is indistinct. 
Aldrich and Laughlin [1984] have suggested the SVF lies at 
the southwestern end of the Jemez lineament. The Jemez 
lineament hypothesized by these workers is a broad (=50 lcm 
wide), N52øE trending, tectonically active zone, characterized 
by volcanic fields and N25øE striking en echelon faults, 
which, along with an inferred Precambrian province boundary, 
delineates the southeastern margin of the plateau (Figure 1). 
Clearly, interaction of the differing tectonic provinces of 
plateau and Basin and Range, and possibly the unique structural 
features of the Jemez lineament, may complicate the structural 
setting of the SVF. The relative importance of each has not 
been fully assessed. Therefore a primary goal of our 
investigation has been to evaluate the relationship between 
patterns in cinder cone distribution and tectonic features of the 
region. 
1.3. Background: Springerville Volcanic Field 
The SVF comprises 409 vents distributed over an area of 
approximately 3000 km 2, located just north of the 9- to 7- 
m.y.-old Mount Baldy (White Mountains) trachyte shield 
volcano (Figure 2; Nealey [1989]). The vent structures are 
dominantly cinder cones but include spatter cones, two shield 
volcanoes, four fissure vents, and five maar craters. Although 
there are some older lava flows [Condit et al., 1992; Cooper et 
al., 1990; Condit, 1984], the vents in this study were active 
between 2.1 and 0.3 m.y. ago and erupted approximately 300 
km 3 of basaltic lavas of dominantly a kalic affinities (alkali- 
olivine basalt (=47 vol %) and hawaiite (=28 vol %) [Condit et 
al., 1989]). Tholeiite (=24 vol %) and a limited number of 
more evolved alkalic rocks (mugearite and benmoreite, <1 vol 
%) are also present but include only a few vents. In contrast o 
other volcanic fields along the margin of the Colorado Plateau, 
such as the San Francisco field [Wolfe et al., 1987a, b] and the 
Mount Taylor field [Crumpier, 1982], large silicic centers are 
not present in the SVF, and no high-silica flow units have 
been identified [Condit et al., 1989; Ulrich et al., 1989]. 
Detailed geological mapping [Condit et al., 1992] together 
with petrologic and stratigraphic investigations in the SVF 
have led to several additional observations that are relevant to 
the origin and history of volcanism in this area. First, the 
locus of active volcanism has shifted through time, and lava 
composition has evolved similarly in all locations 
accompanying this shift. Early lava flows in the SVF are sheet 
flows of tholeiitic composition and are widespread; the 
locations of the few unburied vents for these flows suggest no 
geographic preference in their distribution [Condit et al., 
1989]. Following the effusion of tholeiite, alkali-olivine 
basalt became the dominant eruptive product. Early formed 
alkali-olivine basalt vents tend to be concentrated in the 
western portion of the field, and through time, eruptions 
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migrated from west to east, coincident with the direction of 
motion of the North American Plate, a pattern similar to that 
suggested by Tanaka et al. [1986] for contemporaneous rocks 
of the San Francisco volcanic field. Condit et al. [1989] 
speculated that the SVF may be located over a thermal anomaly 
fixed with respect to the sublithospheric mantle. Evolved 
alkaline rocks (hawaiite, mugearite, and benmoreite), which 
are generally younger than other lavas, show a similar shift 
from west to east through time. 
A second observation is that mapped regional faults do not 
transect the SVF. Unlike the San Francisco and Western Grand 
Canyon fields, no major basement-controlled regional faults 
or flexures have been identified in the sedimentary rocks 
surrounding the SVF. Some vents in the San Francisco 
[Tanaka et al., 1986; Ulrich and Nealey, 1976], Mormon 
[Ulrich et al., 1989; Holm et al., 1989], Zuni-Bandera [Kelley 
and Clinton, 1960; Aldrich and Laughlin, 1984], and Mount 
Taylor [Kelley and Clinton, 1960; Crumpler, 1980a, b, 1982] 
volcanic fields are associated with, or overlie, prominent dip- 
slip faults. For example, four major volcanic centers within 
the San Francisco field line up along regional fault systems 
and many cinder cones are located over fractures and are 
elongate parallel to the fault system (e.g., vent 6735 [Ulrich 
and Bailey, 1987], vents 6604 and 6609 [Wolfe et al., 1987a], 
vents 2418 and 3132 [Newhall et al., 1987], and vent 80 
[Moore and Wolfe, 1976]). Numerous vents in the Zuni- 
Bandera field show similar relationships to mapped fault zones 
[Aldrich and Laughlin, 1984; Kelley and Clinton, 1960]. In 
the Mormon volcanic field, vents align along north and 
northwest striking structures. Within the Mount Taylor field, 
which is located on the Acoma Sag, vents tend to form 
distinctive fissure patterns aligned parallel to or along NNE 
oriented structures or to be clustered in linear trends with 
orientations similar to basement structural trends [Crumpler, 
1980a, b, 1982]. 
2. METHODS 
2.1. Distribution of Cinder Cones 
The 409 vents used in this analysis (Figure 2) include 368 
mapped vents and 41 vents delineated by their topographic 
expression from 7 1/2-min topographic maps and airphotos. 
These 41 vents are found in an unmapped =200-km 2 area in the 
south central part of the field. Within the mapped area, field 
relations suggest hat 40 cinder cones are not associated with 
lava flows, being either barren cones or cones with buried 
flows. Some 266 vents are clearly associated with single lava 
flow units. Of the remaining 102 vents, 60 are associated with 
30 flows (2 vents/flow), 21 with 7 flow units (3/unit), 8 with 2 
flow units (4/unit), and one flow unit has 5 vents. 
Compositions are known for 240 vents; most analyses were 
obtained from associated flows near vent locations. A 
complete listing of vent coordinates is available from the 
authors on request. 
The distance to nearest neighbor vent in the SVF is 
lognormally distributed with >99% confidence. The geometric 
mean distance to nearest neighbor vent is 955 m. Settle 
[1979] characterized cinder cone distribution in several cinder 
cone fields by reporting the nearest neighbor distribution in 
terms of quartiles. Using this approach, Settle found that 
platform-type fields, those consisting solely of independent 
monogenetic vents, have a greater vent spacing than volcanic- 
type fields, which consist of vents parasitic to a larger 
polygenetic volcano. Comparing the SVF to two other 
platform-type fields, it is clear that the S VF has much more 
closely spaced vents than the other platform-type cinder cone 
fields cited (Table 1). As this is true at each quartile, the 
observation is true of the distribution as a whole and is not 
dependent on the presence or lack of outlying cinder cones or a 
few very closely spaced vents. The SVF has median and upper 
(75%) quartile distances which are shorter than two of the three 
volcanic-type fields cited (Mauna Kea and Kilimanjaro). A 
map of the density distribution of cinder cones in the SVF 
(Figure 3) shows that vents are most densely concentrated in 
the south central portion of the field. Contours showing high 
vent concentrations (greater than 14 vents/177 km 2) are 
elongate in a WNW orientation (Figure 3). 
2.2. Cluster Analysis 
Univariate descriptive statistics cannot fully characterize 
vent distribution because they cannot describe spatial 
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Fig. 2. Map of the location of all (409) vents in the Springerville volcanic field (triangles). Mount Baldy, a Tertiary 
trachytic shield volcano (large solid triangle), is located about 20 km south of the SVF. The towns of Springerville, Show 
Low, and Snowflake are shown as open boxes. Universal Transverse Mercator CUTM) coordinates are given at the margin of 
the map, labelled at 20-kin intervals (10-kin tick spacing). 
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TABLE 1. Near-Neighbor Distributions for Some Volcanic Fields 
Distance to Near-Neighbor Vent by Quartile, m Number 
25% 50% 75% of cones 
Platform-Type Fields 
Springerville field 710 979 1407 409 
Nunivak Island 1047 1547 2955 83 
Michoac•n, Mexico 988 1580 2732 1016 
Volcanic-Type Fields 
Mauna Kea 569 813 1524 168 
Mount Etna 425 780 1373 87 
Mount Kilimanjaro 679 1152 1879 205 
density contour map will change if these search parameters are 
changed. The validity of using one size search area or grid 
spacing over another is difficult to assess. Cluster analysis 
avoids the interpolation associated with contouring altogether 
and provides a systematic approach to dealing with search 
areas. Here, a uniform kernel density fusion cluster analysis is 
used [Wong, 1982; Wong and Lane, 1983; Wong and Schaak, 
1982; Sarle, 1985]. The application of this technique to 
cinder cone distribution problems was described by Connor 
[1987, 1990]. 
Briefly, this cluster analysis provides a means of 
recognizing modes in vent distribution in a quantitative way. 
The method is considered robust because even if two clusters 
Distribution of distances (in meters) to nearest-neighbor vent by overlap slightly, they will still be recognized as two distinct 
quartile for various platform-type and volcanic-type cinder cone fields clusters. A circle of radius r is drawn about each vent within 
[Settle, 1979; Connor, 1987; this study]. SVF vents are more closely the field. The number of cones to fall within this circle is 
spaced than vents inthe Nunivak Island and Michoac•n platform-type f(Xi), for the ith vent. Ultimately, ann x n matrix is calculated fields and, at some quartiles, than vents in the Mauna Kea and Mount 
K'fiimanjaro volcanic-type fields. for the n number ofvents in the field. For each element in the 
matrix, 
variation in distribution. The goal of cluster analysis is to 
identify natural vent clusters within the SVF. This is 
important because quantitative alignment methods are 
adversely affected by inhomogeneities in vent distribution. 
By identifying clusters prior to making the alignment 
analysis, these effects are minimized. Furthermore, the 
occurrence and distribution of clusters themselves may provide 
insight into the processes governing vent emplacement. 
Cluster analysis is a computer-based exploratory data 
analysis technique that searches for clusters, or modes, in vent 
distribution while making a minimum of assumptions. 
Assumptions about the significance of a given vent spacing 
inherent in most other methods need not be made in cluster 
analysis. For example, it is necessary to specify a grid 
spacing and an area about each vent, or grid point, within 
which the number of vents will be summed in order to produce a 
vent density contour map such as the one in Figure 3 [Porter, 
1972; Baker, 1974; Connor, 1987]. The appearance of the 
1 ] d(Xi, )< r ,
d*(X i, Xj) = 0% otherwise 
where d(Xi,Xj) is the map distance b tween the ith and jth 
vent. Once this matrix is calculated, individual vents are 
linked using this matrix and a single linkage clustering 
algorithm [Hartigan, 1975; Le Maitre, 1982]. If the density 
fusion, d*, between two clusters is less than the maximum d* 
between any two vents within either cluster, then the two 
clusters are not linked. This step makes the recognition of 
overlapping clusters possible by reducing the importance of 
individual vents. However, it can also lead to the assignment 
of some vents to an inappropriate cluster if the densities of 
vents in one cluster is low in comparison with another, nearby 
cluster [Sarle, 1985]. This characteristic does not have an 
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Fig. 3. Vent density distribution contour map based on a contouring rid spacing of 10 km and search radius of 7.5 km 
about each grid point. The grid point values were contoured using a minimum curvature contouring algorithm. Contour 
interval is 2 vents/172 km 2. Note that he highest concentration of ci der cones inthe SVF is found in the south central 
portion of the field. In this area, contour lines are elongate in a WNW orientation. UTM coordinates are given at the 
margin, as in Figure 2. 
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adverse effect on the results unless vent density is low and 
clusters are poorly developed. The single linkage clustering 
process continues repetitively until a stable number of clusters 
is found. A map is then made, showing the distribution of 
individual vents by cluster membership. Of course, changing 
the search radius, r, will change the number of clusters on this 
map. Therefore the analysis is repeated using many search 
radii. If clustering is a significant feature of vent distribution, 
then the number of clusters, and more particularly the 
distribution of clusters, will not change or will change only 
slightly with changing search radius. 
For SVF vents, the change in the number of vent clusters 
with changing search radius is illustrated in Figure 4. At 
search radii greater than 6000 m, a single cluster exists with 
four outliers. Between 6000 and 5500 m, several large clusters 
form, and at search radii less than approximately 4200 m, 
these large clusters begin to pull apart in an apparently random 
manner, and the number of clusters with decreasing search 
radius begins to increase much more rapidly (Figure 4). 
A total of 12 maps was produced, illustrating the 
distribution of vents by cluster membership at different search 
radii. Seven clusters persist over a range of search radii (see 
Figure 5 caption) with only slight changes in membership. 
The distribution of these clusters is illustrated in Figure 5, 
using a search radius of 4500 m. These clusters have between 
27 and 101 cinder cones each. In addition to these seven 
clusters, five cones are classified as outliers because they 
either do not cluster with other cinder cones at all at this search 
radius or they form a cluster of only three cones (Figure 5). A 
total of four vents appear to be misassigned at a search radius 
of 4500 m as a result of low vent densities in some areas, such 
as between clusters I and 2 (Figure 5). 
2.3. Two-Point Azimuth Analysis 
The two-point azimuth method, developed by Lutz [1986] 
and first applied to volcano distribution problems by Wadge 
and Cross [1988], provides a statistical means of identifying 
preferred orientations and/or anisotropy in vent distribution. 
Within a given area, some vents will align even if these vents 
are distributed according to a uniform random process. For 
example, vents emplaced in an isotropic stress field may form 
an alignment by chance. Such an alignment could be 
misinterpreted as an indication of a preferred horizontal stress 
orientation. The two-point azimuth method helps distinguish 
between alignments formed by random chance and those 
80 
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Fig. 4. Change in the number of clusters with changing search radius 
about each vent. The clustering method used is a modification of 
Wong's [1982] density fusion method [Sarle, 1985]. Solid circles are 
plotted to indicate the number of clusters found by the analysis at a 
specific search radius. Note the rapid increase in the number of clusters 
at search radii less than approximately 4200 m. 
produced by some underlying geological mechanism, such as 
anisotropy in the stress field. 
The basis of the two-point method is a Monte Carlo 
simulation. Any two vents in the volcanic field lie along a 
line. As a farst step in the analysis, lines are drawn from each 
vent through all other vents in the field. The azimuth of each 
of these lines is measured, resulting in a total of n(n-1)/2 
azimuths, where n is the number of vents. The number of two- 
point alignments of a given orientation will depend on both 
the presence of vent alignments and the shape of the boundary 
of the volcanic field, since vent pairs tend to align in a 
preferred orientation if the entire field is elongate. The Monte 
Carlo simulation is made to correct for the effect of field shape. 
In this case, we followed Lutz's [1986] example and chose the 
vents at the margin of each cluster as the vertices of a 
polygonal area for the Monte Carlo simulation. For each 
simulation, n points were randomly plotted within this area, 
each point representing the location of a vent. The azimuth 
from each point to every other point within the polygon was 
found, and the cumulative frequencies were compared with the 
observed vent azimuth frequency distribution at 10 ø intervals. 
If actual vents tend to align preferentially in a given 
orientation, this will emerge through comparison with the 
Monte Carlo results, using a t test [Lutz, 1986]. 
The two-point azimuth method was applied on a cluster by 
cluster basis to the seven largest clusters in the field (Figure 
5). The outcome of the analysis indicates that significant 
anisotropy exists in the distribution of cinder cones within 
each cluster. Significant azimuthal orientations are found 
within each cluster at the 95% confidence level (Table 2). The 
azimuthal directions identified as statistically significant are 
not identical in all clusters, but they appear to vary in a 
consistent manner. Significant azimuthal directions are WNW 
oriented in clusters 2 and 3 (Figure 5), coinciding with the 
elongate area of highest vent density (Figure 3). Significant 
azimuthal directions are ENE oriented in clusters 5 and 6 in the 
eastern part of the field and in clusters 1 and 3 in the western 
and central part of the field. Clusters 4 and 7, in the central 
part of the field, have significant N-S azimuthal directions, and 
significant NE orientations are identified in cluster 4. 
2.4. The Hough Transform 
The two-point azimuth method does not provide information 
on the actual location of alignments; it simply indicates the 
orientation of significant anisotropy. Wadge and Cross 
[1988] applied a computer enhancement echnique, the Hough 
transform, to cinder cone distributions in Michoac•n, Mexico, 
to determine the actual locations of alignments. We apply it 
in conjunction with the two-point azimuth method to identify 
alignments in the SVF, again on a cluster by cluster basis. 
Each vent in a cluster lies along an infinite number of lines, 
each line having a unique azimuth. These lines can be 
represented in polar coordinates as curves. A point on one of 
these curves has the coordinates p and O, where p is the 
shortest (normal) distance from that arbitrary point to the line, 
and 0 is the angle of that normal from zero [Wadge and Cross, 
1988]. In this case, we chose the mean cluster centroid as the 
center of the coordinate system. If, for example, four vents 
within a cluster align exactly, the four sinusoidal curves 
associated with these vents in p, 0parameter space will 
intersect at a single p, 0 coordinate, which in turn yields the 
orientation and position of the line, relative to the cluster 
centroid. 
In practice, discrete A0 and Ap are used. Here, we use Zi0 = 
2 ø and Ap = 400 m, the same values used by Wadge and Cross 
[1988] and Connor [1990], taken to represent reasonable 
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Fig. 5. Vents plotted by cluster membership. Vents belonging to the same cluster are plotted using the same symbol, 
centered on the vent location. This map illustrates the results of a cluster analysis using a search radius of 4500 m, which is 
well representative of the large clusters in the field. Other search radii produce different cluster configurations. The clusters 
shown are stable over the following search radii, plus or minus a few vents: cluster 1, 4200 to 5500 m; cluster 2, 4200 to 
5500 m; cluster 3, 4200 to 5500 m; cluster 4, 2900 to 4500 m; duster 5, 3700 to 5000 m; cluster 6, 3500 to 4500 m; 
cluster 7, 2700 to 4500 m. Vent alignments identified using the Hough transform are indicated by solid lines and are 
labelled A-L. These alignments were identified on a cluster by cluster basis; nonetheless, they often meet or lean be 
extrapolated across cluster boundaries, forming arcuate trends in the southern part of the field. 
fracture zone sizes. Experimentation showed that the number 
and orientation of alignments did not vary significantly by 
changing these parameters. The Hough transform is sensitive 
to the number of cinder cones used in the analysis and the 
shape of the cinder cone cluster. The more cinder cones in a 
cluster, the more likely it is that several cinder cones will 
align. If a cluster is elongate, alignments will likely be found 
in the direction of elongation. Consequently, we were careful 
to compare the results of the Hough transform with the results 
of the two-point azimuth method, which takes cluster shape 
into account. 
Within each cluster, one or two alignments that consist of 
numerous vents were identified using the Hough transform. 
Most of these alignments have orientations similar to those 
recognized as significant using the two-point azimuth method 
at the 95% confidence level. These alignments consist of six 
and usually seven or more vents, usually in proportion to the 
number of cinder cones in the entire cluster (Figure 5; Table 2). 
These alignments were identified within each cluster 
independently. Nonetheless, the alignments often meet, 
nearly meet, or can be extrapolated across cluster boundaries. 
This is particularly true for alignments in the central and 
southern portion of the field. Vent alignments C, E, and I 
create a nearly continuous alignment with an arcuate shape 
which spans the southern half of the field and which is 
approximately 65 km in length. This alignment divides in the 
central portion of the field, within cluster 3, east of which a 
second arcuate alignment forms (alignments F, t3, and H of 
Figure 5). 
In five cases, the Hough transform identifies alignments 
which consist of six or more aligned vents and do not 
correspond to significant orientations found using the two- 
point azimuth method (Table 2; Figure 5). Two of these are 
found in the NW part of the field within an elongate cluster 
(cluster 1). The two-point azimuth method minimizes the 
effect of cluster shape, and as a result any trend in this 
orientation is difficult to identify with the two-point method. 
Another such alignment is located in cluster 2 and has an 
azimuth of 020 ø . This alignment consists of nine cones and 
transects the entire cluster. 
3. STRUCTURAL FEATURES AND VENT 
DISTRIBUTION PATrERNS 
Lavas of the SVF cap a thick sequence of sedimentary ocks 
of Permian to Cretaceous age that dip to the NNE at --•-0.5 ø 
[Condit et al., 1989] and form the Mogollon Slope, 
southernmost tectonic division of the COlorado Plateau 
[Kelley and Clinton, 1960]. This sedimentary sequence is 
nearly flat lying and is essentially undeformed. The entire 
Mogollon Slope area around the SVF lacks the north striking 
normal faults characteristic of the western margin of the 
plateau [Wernicke and Axen, 1988], the northeast trending 
structures characteristic of the southwestern plateau 
[Shoemaker t al., 1978; Tanaka et al., 1986; Holm and Cloud, 
1990], or the pronounced north and northwest striking faults 
of the Mormon volcanic field [Holm et al., 1989]. In the 
sedimentary exposures to the north of the SVF, with the 
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TABLE 2. Summary of the Alignment Analysis 
Cluster and Two-Point 
No. of Vents Azimuth Direction Azimuth 
Hough Transform 
No. Vents Length Vents/km 
1 27 070-080 .... 
- 295 (A) 6 16.3 0.37 
- 298(B) 6 19.0 0.32 
2 101 280-290 291 (C) 
- 022 (D) 
3 84 
4 38 
07 0-080 071 (E) 
*300-310 307 (F) 
020-030 - 
040-050 042 (L) 
350-360 356 (K) 
- 331 (J) 
5 66 060-080 061 (I) 
6 29 050-060 055 (H) 
070-080 - 
7 56 000-010 
9 19.8 0.45 
9 21.2 0.42 
9 10.0 0.90 
9 10.4 O.87 
_ - - 
6 11.4 0.53 
6 12.2 0.49 
6 17.0 0.35 
9 2O.7 0.43 
7 9.2 0.76 
- - - 
090 (G) 8 11.3 0.71 
ClUsters are numbered as in Figure 5. The results of the two-point azimuth analysis are reported for each 
cluster. All orientations, calculated at 10 ø intervals, found to be significant at the 95% confidence level are 
given (except the asterisk, for which the confidence interval is 90%). Specific alignments are identified 
using the Hough transform; these are identified by letter as in Figure 5. The azimuth, number of vents, 
alignment length measured from first to last vent in the alignment, and number of vents/kilometer a e 
given for each alignment. There is general agreement between the results of the Hough transform and the 
two-point azimuth method. In cases in which the two-point azimuth orientation does not correspond to the 
azimuth of an alignment identified using the Hough transform, or vise versa, a dash is entered in the 
corresponding column(s). 
*Confidence level of 90% for this interval. 
exception of three normal faults of minor displacement and 
less than 15-km lengths, the few structural elements include 
gentle anticlines and synclines [Wilson et al., 1960, 1969; 
Kelley and Clinton, 1960], most with WNW to NW trends, 
some of which extend for distances over 20 km. Several of 
these trends continue into the field, expressed as local normal 
faults that grade into flexures [Crumpier et al., 1989; Condit et 
al., 1992]. That these flexures postdate flows has been amply 
demonstrated [Aubele et al., 1986]. 
These flexures form topographic escarpments and are the 
most prevalent structural features of the field. Starting from 
the south center of the field (center of cluster 3, Figure 5), there 
is a decrease in elevation to the northeast, with a total drop of 
approximately 1 km. This drop occurs as a series of three 
discrete topographic steps, expressed as arcuate northeast 
facing escarpments (Figure 5). From southwest to northeast, 
the topographic relief decreases from approximately 250 m 
across the first step to 100 m across the second, and to 80 m 
across the northeast step. All of these steps have variable 
strikes reflecting their arcuate traces: WNW in the 
northwestern and central portions of the field changing to 
NNW in the northeastern portion of the field. The 
topographically lowest area in the region occurs immediately 
NE of the field. Approximately half to three fourths of this 
drop in elevation can be accounted for by the 0.5øNNE regional 
dip and by the accumulation of flows which stack up to the 
southwest oward the center of the field; the rest appears to 
result from downwarping to the northeast. The northeastmost 
of these flexures corresponds to a vent alignment (alignment 
J, Figure 5). 
The overall structural fabric within the field is further defined 
by two other passive folds (between alignments B and C, 
Figure 5) and locally faulted and tilted basaltic flow units, most 
found in the north and northeastern part of the field. In the 
western and central part of the field, many of these features are 
aligned WNW to NW, parallel and subparallel to vent 
alignments (Figure 5). Structural features of other orientations 
are present as well, indicating the local complexities of the 
stress field acting on the area concomitant to and following 
the emplacement of cinder cones. In order of prominence, 
these structures trend NW, ENE, NE, and north [Crutr•ler et al., 
1989]. 
Four widely separated eruptions appear to have been 
controlled by fissures, as suggested by their elongate 
pyroclastic deposits [Condit et al., 1992]; in addition, a single 
dike is found within the field. These features tend to confu-m 
the interpretation that cinder cone alignments are related to 
structural trends. Two of these fissure-controlled vent 
structures are located on and elongated parallel to vent 
alignments. Elongate vents form the central part of alignment 
I (Figure 5). To the north of this alignment, two cinder cones 
are connected by a fissure ridge of spatter and form the 
northern end of alignment K (Figure 5). Located roughly 
between these alignments, two vents erupted along a 200-m- 
long fissure oriented 080 ø. In addition to these fissure vents, a 
single dike about 1.1 km long has been mapped. Located in 
the south central part of the field, the dike trends 058 ø, 
subparallel to cinder cone -alignments E, H, and I. 
4. DISCUSSION 
Reasons for the emplacement of platform-type cinder cone 
fields instead of single, polygenetic centers are not entirely 
clear but may relate to the relative rates of magma production. 
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Cinder cone fields may form in areas having relatively low 
magma supply rates [Fedotov, 1981; Hasenaka and 
Carmichael, 1985]. Given a low magma supply rate, conduits 
are not maintained in the crust and individual magma batches 
ascend varied pathways to the surface, rather than ascending in 
the same conduit repeatedly [Fedotov, 1981]. The SVF 
certainly does have a low magma supply rate compared with 
many individual volcanic centers. The SVF produced lavas at 
an average rate of 1.5 x 10 -4 km3/yr between 2.0 and 0.3 m.y. 
ago [Condit et al., 1989]; peak lava production rates between 
2.0 and 1.0 m.y reached 2.8 x 10 -4 km3/yr. This is 1 to 2 
orders of magnitude less than the output rate of most basaltic 
centers listed by Crisp [1984]. The Mount Baldy 
stratovolcano just to the south of the SVF, with an estimated 
volume of 280 km 3 [Merrill and Pewe, 1976], appears to have 
formed in about 0.5 m.y. [Nealey, 1989], with a production 
rate of 5.6 x 10 -4 km3/yr, about wice that of the peak 
production of the SVF. The output rate of basaltic lavas in the 
San Francisco Peak volcanic field has been similar to that of 
the SVF, with a maximum long-term eruption rate (between 
0.73 and 0.! m.y.) of about 3.0 x 10 -4 km3/yr; silicic peak 
output for this field was about 2.0 x 10 -4 km3/yr between 1.0 
and 0.25 m.y. if adjusted to reflect only extrusive rocks 
(without correcting for porosity) [Tanaka et al., 1986]. 
Similar rates are suggested for the Mount Taylor volcanic field 
by Crumpler [1990] at between 1.1 and 1.6 x 10 -4 km3/yr 
between 3.5 and 1.5 m.y., although Perry et al. [1990] give 
peak production rates as low as 4.0 x 10 -5 km3/yr for a central 
cone of the same field. Low magma supply rate and cinder cone 
volcanism are coincident in the SVF and perhaps in many of 
the plateau-margin cinder cone fields. This may indicate a 
causal relationship. 
Univariate descriptive statistics and cluster analysis have 
demonstrated that vents are closely spaced in the SVF 
compared with some other active volcanic fields and occur in 
clusters, rather than having regular or uniform random 
distribution. In a field of 409 vents, only five outlying vents 
occur. These observations uggest hat through time there is a 
tendency for successive melting events to occur near one 
another, rather than randomly over the entire area of the field. 
This result is consistent with the idea that cinder cone clusters 
owe their origin primarily to low rates of magma generation in 
localized areas, rather than to the dispersal of magmas by 
crustal structures. 
Using K/At, paleomagnetic, and stratigraphic data gathered 
by Condit et al. [ 1989], we have compared the ages of rocks of 
differing petrologies between clusters. Condit et al. [1989] 
classified rocks in the SVF as alkali olivine basalts (AOB), 
evolved alkaline rocks (EAR, including hawaiite, mugearite, 
and benmoreite), and tholeiite. Applying their classification, 
we find a systematic change in the ages of the three rock types 
from cluster to cluster. Within individual clusters, the average 
age of AOB rocks is greater than the average age of EAR rocks 
(Table 3), perhaps a result of longer residence time needed for 
magmatic differentiation. Between clusters, however, this 
relationship does not hold true. For instance, the average age 
of EAR rocks in cluster 1 is significantly greater than that of 
AOB rocks in cluster 3. Comparison of similar rock types 
between clusters suggests a systematic variation in the timing 
of eruption of magmas of differing compositions. Clusters 1 
and 2, located in the western portion of the field (Figure 5), 
contain significantly older rocks of a given type than clusters 
located further to the east (p value of <0.001). This is true for 
tholeiite, AOB, and EAR rocks. In general, there is a decrease 
in the ages of rocks from west to east, among all petrologic 
types, consistent with the fixed-source model proposed by 
Condit et al. [1989], in which eruptive activity migrated from 
west to east in response to the westward motion of the North 
American Plate relative to a fixed source [Condit et al., 1989]. 
Volcanism in the SVF reflects this motion by shifting from 
one cluster to another through time, rather than by the 
continuous migration of vent loci through time. This is 
analogous in some respects to Hawaiian hot spot volcanism 
[Jackson et al., 1972], where individual shields are built 
through time in response to the continuous motion of the 
Pacific plate with respect to a fixed source. Also analogous to 
Hawaiian volcanism, activity does not cease in one cluster 
simply because it has begun in another. 
The picture in the SVF appears to be more complex than in 
its Hawaiian counterpart in several respects, not surprising 
given the differing lithospheric regimes. Comparatively 
young EAR rocks are found in cluster 3, in the south central 
portion of the field (Figure 5) where cinder cone densities are 
greatest (Figure 3). Although the EAR rocks in cluster 3 are on 
average younger than those found further east, the variance in 
the ages of rocks in this cluster is larger than that of other 
clusters (Table 3). In fact, some of the oldest EAR rocks found 
in the field occur within this cluster. Similarly, cluster 2, 
which contains on average comparatively old AOB and EAR 
rocks, also contains some of the youngest. Apparently the 
eruption of magmas is influenced by additional factors, some 
discussed below, complicating the general west to east pattern 
of vent migration. 
Several authors have suggested that a coincidence between 
areas of magma generation and faulting or fracturing of the 
crust is necessary for the emplacement of platform-type 
TABLE 3. Mean Ages of Rock Types in Different Clusters 
Cluster Tholeiite AOB EAR 
N M V N M V N M V 
1 2 1.56 0.03 7 1.42 0.15 4 1.35 0.03 
2 5 1.67 0.01 36 1.38 0.14 18 1.30 0.18 
3 0 - - 16 1.17 0.05 19 1.05 0.26 
4 4 1.11 0.08 11 1.29 0.02 17 1.21 0.04 
5 1 1.07 - 27 1.20 0.12 22 1.19 0.05 
6 0 - - 11 1.20 0.06 6 1.10 0.01 
7 0 - - 18 1.14 0.02 14 1.11 0.07 
Where M is mean age (m.y.), V is variance, and N is number of samples. Cluster numbers are those given 
in Figure 5. Clusters 1 and 2, in the westem SVF, have the oldest mean vent ages for tholeiite, alkaline- 
olivine basalts (AOB), and evolved alkaline rock (EAR) compositions. In general there is a decrease in 
mean vent age from west to east. However, there are some exceptions. In cluster 3, for example, eruptions 
of EAR types have increased over time, giving this cluster a young mean age and a high variance. Age data 
from Condit et al. [1989]. 
CONNOR ET At..: CONTROLS ON VENT DISTRIBUTION, SPRINGERVILI.E VOLCANIC FIEt.D 12,357 
volcanic fields. Without this coincidence, magma will likely 
form intmsives [Kear, 1964; Settle, 1979; Fedotov, 1981]. 
Patterns in vent migration in the SVF are somewhat similar to 
those observed in the San Francisco volcanic field, where 
known and mapped regional structures exert influences on vent 
migration patterns, in addition to a general west to east 
migration in response to plate motions [Tanaka et al., 1986]. 
Most vents in the SVF, however, are not part of the 
alignments we have identified. Local structures may play a role 
in the emplacement of these vents, but regional structures are 
not a controlling factor. Mapped structures and vent 
alignments which do occur in the SVF are subtle, and there is 
no evidence that they are related to major reactivated 
Precambrian structures, as alignments are in the San Francisco 
field. The structures and vent alignments that are present in the 
SVF are therefore more likely to be directly related to Plateau 
uplift and Basin and Range extensional tectonics, rather than 
preexisting structures. 
The quantitative methods used in this study have enabled us 
to accurately map subtle vent alignments in the SVF in a 
reproducible manner. These vent alignments are similar in 
nature to regional volcanic alignments defined by Kear [1964], 
in that they are regional in extent (some are over 25 km long) 
and vents comprising the alignment are not necessarily 
aligned, but are nearly aligned. All vent alignments we have 
identified meet the highest quality ranking (A) used by Zoback 
and Zoback [1989] to characterize how accurately a particular 
data point records the tectonic stress field. The WNW-trending 
zone of high vent density (Figure 3), azimuthal directions 
found through the application of the two-point azimuth 
method (Table 2), and alignments A, B, C, and F (Figure 5) 
indicate that vent emplacement has been influenced by NE 
extension in the western part of the field. A change in the 
orientation of S hmin from dominantly NE in the western part 
of the field to NW in the eastern part of the field is indicated by 
vent alignments E, I, H, and L. The overall arcuate trend of 
these alignments mimics the trends of the physiographic and 
tectonic boundaries of the plateau. 
Based on the analysis of local structural features and the 
patterns of faulting and local folding of basalts, significant 
structural lineaments in the SVF are oriented NW, ENE, NE, and 
north (in order of prominence). The NW orientation of 
regional topographic steps and linear deformation zones, 
interpreted as complex fault zones, may be related to the WNW 
trending vent alignments (Figure 5). The orientations of folds 
and what Crumpler et al. [1989] interpreted as small pull apart 
basins (e.g., 3 km NE of alignment K, Figure 5) along the 
deformation zones suggest a component of left-lateral strike- 
slip and that the topographic steps are not a result of simple 
normal faulting [Crumpier et al., 1989]. These observations 
are consistent with NE extension in this area, perpendicular to 
the trend of WNW oriented vent alignments (Figures 3 and 5). 
The structural pattern deduced from the analysis of vent 
distribution and the mapping of faults and flexures is the result 
of tensional stresses that have been present during the Plio- 
Quaternary. Stress orientations in the SVF have, on average, 
been radial to the Colorado Plateau during the formation of the 
field. Models of plateau uplift have demonstrated that 
tensional stresses in the SVF should be radial to the plateau if 
the field rests on or near the tectonic boundary of the plateau 
[Thompson and Zoback, 1979; Brumbaugh, 1987]. Some 
structures, such as pull apart basins, are consistent with 
clockwise rotation of crustal blocks in this region [Crumpier 
et al., 1989] and of the plateau as a whole [Bryan and Gordon, 
1986, 1990; Steiner, 1986], also suggesting that the field lies 
on or near the plateau's tectonic boundary. The stress 
orientation of N-S trending alignments may be a reflection of a 
small component of the dominantly E-W tension that is the 
hallmark of the Basin and Range Province [Zoback, 1989]. 
Given the tectonic setting in a transitional ocation at the edge 
of the plateau, just north of the Basin and Range, all three of 
these Shrni n stress orientations (NE, NW, and E-W) were likely 
present during eruption of the cinder cones of the SVF. 
The limited number of vent alignments (D and possibly L; 
Table 2; Figure 5) which fall near the 025 ø orientation found 
by Aldrich and Laughlin [1984] to be the characteristic of the 
Jemez lineament suggests that the S VF, if indeed part of this 
lineament, is at best on the distal end and was little influenced 
by the stress fields that controlled the orientation of cinder 
cones and dikes in other fields along this proposed lineament. 
As Brumbaugh [1987] points out, a clear distinction should 
be made between tectonic and physiographic provinces: a 
tectonic boundary (or province) should be defined by changes 
in tectonic elements, some of which include structural style, 
stress orientations, volcanism, heat flow, seismicity, and 
changes in crustal thickness. Using these criteria, Brumbaugh 
[1987, Figure 8] has suggested that the southwestern boundary 
of the Colorado Plateau extends south from 112øW longitude in 
a concave east arc through the San Francisco and Mormon 
Mountain volcanic fields, suggesting both fields (and the 
Westem Grand Canyon field) are tectonically part of the Basin 
and Range Province. His proposed boundary stops in the area 
of the Mormon Mountain volcanic field. We suggest that, 
given the geophysical character (depth to Moho of -.•-40 km, 
aseismic) and the minor imprint of a Basin and Range tectonic 
signature (as shown by these alignment patterns), the SVF has 
characteristics more common to the Colorado Plateau, and 
Bmmbaugh's proposed tectonic boundary should be extended 
southeastward, including the SVF on the tectonic boundary of 
the Colorado Plateau. 
5. CONCLUSIONS 
A total of 404 out of 409 vents mapped in the SVF form 
seven clusters, using a cluster search radius of 4500 m. These 
vent clusters have significantly different ages, especially 
when differentiated by petrologic type. The observed general 
decrease in cluster age from west to east supports the 
previously proposed hypothesis that volcanism in the SVF 
migrates owing to the motion of the North American Plate 
relative to a fixed mantle source, with activity waxing and 
waning cluster by cluster in a partially overlapping manner. 
However, the distribution of clusters and some inconsistencies 
in the age data suggest that this vent migration pattern is 
complicated by additional factors, including regional structure 
as inferred from vent alignments that transect parts of the SVF. 
Most prominent alignments trend WNW in the western SVF 
and ENE in the eastern SVF. These different trends intersect in 
the south central portion of the field, where magmatism was 
most enduring and cinder cone density is greatest. Other 
orientations, particularly those observed in local structures 
and some cinder cone alignments, indicate that local 
variability in the stress field complicated the patterns of cinder 
cone emplacement considerably. The vent alignments indicate 
the presence of fractures or faults, along which magma 
ascended more readily than elsewhere. The fact that most are 
subparallel to regional physiographic features, such as the 
Mogollon Rim, suggests that the overall arcuate pattern 
observed in cinder cone alignments is a reflection of the 
structural margin of the Colorado Plateau. This supports the 
conclusion of Zoback and Zoback [1989] that stress fields near 
tectonic boundaries reflect structural transitions. The fractures 
or faults implied by vent alignments within the SVF may be 
related to extension associated with deformation of the plateau 
margin, and to a lesser degree to a minor Basin and Range 
imprint. While the implied structures are regional in extent, 
they appear to differ significantly from those in other plateau- 
marginal fields in that they cannot clearly be related to major 
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reactivated Precambrian structures, which are lacking around 
the SVF. Our vent alignment data differ significantly from 
those seen by other workers in the Zuni-Bandera and Mount 
Taylor fields, suggesting that if response to a common stress 
field is a major criterion for inclusion in the proposed Jemez 
lineament, the SVF is not a part of this feature. Finally, we 
suggest that the southwestern tectonic boundary of the 
Colorado Plateau of Brumbaugh [1987] be extended 
southeastward to include the SVF on its southern boundary. 
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